Abstract Hypotheses of the ASM1 model state that the specific respiration rate of heterotrophic active biomass is a constant. It thus becomes possible to assess the active heterotrophic biomass decay rate (b H ) during starvation. The object of this study is to verify if the specific respiration rate of heterotrophic biomass remains constant throughout starvation, and if it is typical of global metabolic biomass activity, as proposed by the model hypotheses. The decay rate b H was evaluated using respirometric and enzymatic measurements. Measurement of b H through respirometry on various sludges varied between 0.28 and 0.76 d -1 . According to the enzyme and respirometric measurements carried out, a large portion of this value is related to enzymatic regulation. During starvation, when initial active biomass activity is high, down regulation of the respiratory chain results in a decrease in the specific heterotrophic active biomass respiration rate, thus creating an overevaluation of the decay rate as measured by respirometry. Thus a high decay rate used in the ASM1 model could eventually lead to a poor forecast of biomass production.
Introduction
Over the last few years several mathematical models were developed to predict the dynamic response of wastewater treatment systems. The ASM1 model (Henze et al., 1987) is greatly used in this field. According to Gujer et al. (1999) , this model adequately predicts the efficiency of a treatment system but cannot predict biomass production, which is a major setback for users.
The ASM1 model distinguishes between live bacteria (active biomass) and inactive particulate matter. In this model, biomass accumulation in the wastewater treatment system is described by variables X H for heterotrophic active biomass, X S for slowly biodegradable particulate matter, and X i or X p for inert particulate matter. Autotrophic and phosphateremoving bacteria are only a small portion of the active biomass present (Henze et al., 1995) . The growth of the heterotrophic active biomass is described by well known equations where µ H is the growth rate, b H the decay rate, and X H0 the amount of initial active biomass (Kappeler and Gujer, 1992) :
(1) (2) According to the ASM1 model, inactive particulate matter accumulation (X S + X p + X i ) in sludge can come from two sources: on the one hand, trapping in flocs of inactive particles present in the plant influent (X i ), and, on the other hand, the active biomass decay rate. During decay, part of the active biomass is transformed into inert particles (X p ), and another part into slowly biodegradable particles (X S ) in a relative proportion equal to f p and (1-f p ) 
respectively. Production of inactive biomass is thus influenced by the active biomass decay rate. According to the model, biodegradable particle hydrolysis generates substrates which are used by live bacteria for growth. Thus, in order to disregard this growth, we assess the true decay rate using Eq. (3) where b′ H is the observed decay rate (Henze et al., 1987) (3)
Assessing the amount of active biomass is generally carried out by measuring oxygen consumption by bacteria (respirometric measurements). Maximum respiration of heterotrophic active biomass (rO 2Hmax ) can be described using the following equation (Vanrolleghem et al., 1999) :
Assessing the observed active biomass decay rate (b′ H ) is performed through respirometry on a substrate-starving biomass. As in the model, µ Hmax and Y H are constant (Henze et al., 1987) , we observe that decreasing X H generates a proportional decrease of rO 2max . Thus when combining Eq. (2) with Eq. (4), the logarithm of the respiration produces a straight line equation with a slope of b′ H as defined in Eq. (5) (Vanrolleghem et al., 1999) :
The method used to assess b′ H differs from other methods proposed to assess other kinetic parameters of the model, which are carried out on substrate-fed biomass. Also, some authors are inquiring into the significance of the measured decay rate constant Grady et al., 1996) . According to these authors, various metabolic adjustments are occurring during endogenous respiration and the measured decay rate constant encompasses several phenomena, which do not necessarily result in a decrease in the amount of active biomass, but may include a reduction in the respiratory potential of the biomass and various bacterial sporulation or dormancy processes.
According to the literature review, a facultative aerobic biomass presents variable characteristics in relation to environmental conditions. In bacteria, substrate starvation initiates a series of metabolic adjustments called stringent response. The latter exerts a global control on cell metabolism (Jensen and Pedersen, 1990; Östling et al., 1993; Nyström 1994; Gerdes, 2000) . During carbon starvation, the stringent response represses the expression of genes encoding the DHA in the flavoprotein class, and that of several enzymes of the TCA cycle, as well as o oxidase cytochromes in E. coli. Moreover, the stringent response favours the expression of some proteins associated with central metabolic pathways, which are normally induced by anaerobiosis, even in the presence of oxygen (Nyström, 1998) . This would induce that the respiratory chain activity would be repressed during starvation, and more rapidly than the total metabolic activity of E. coli. This contradicts some hypotheses of the ASM1 model, as it implies that the maximum specific respiration of active biomass (rO 2max /X) varies during starvation. According to ASM1 model hypotheses, this value remains constant as described by Eq. (4) restructured as follows: (6) The objective of this study was to verify if the rO 2Hmax /X H ratio varies during starvation and if it is representative of metabolic cell activity.
Heterotrophic active biomass decay rate (b H ) assessment was performed on a biomass in the endogenous phase, through daily measurements of the maximum respiration on an exogenous substrate. Reactors were maintained in an endogenous phase at a temperature of 20°C and a pH of 7. Dissolved oxygen concentration was maintained close to saturation during the entire starvation period. VSS concentration varied between 2,000 and 500 mg/L throughout the experiments. Tap water was added daily to the reactors to compensate for evaporation. The respirometric cell used was of the LSS type (Spanjers et al., 1998) with a volume of about 250 mL. The cell was thermo-regulated at 20°C. Dissolved oxygen concentration was measured inside the cell using a WTW Cellox 325 probe. A dose of 140 mg of COD in the form of carbonated substrate (i.e. concentrated at 20% m/v) was injected with a syringe through a septum with nitrogen (NH 4 Cl) in a C/N proportion of 100:5 (mg DCO/mg N). Allylthiourea (ATU) was injected in the respirometric cell (25 mg/L) to inhibit autotrophic respiration. Oxygen concentration was recorded on a computer every 10 to 30 seconds using a WTW OXY 538 or WTW MultiLine P4 Universal Meter oxygen meter, depending on the experiment carried out. Electron transportation system (ETS) activity measurements were taken at the same time as the respirometric measurements. Dehydrogenase enzymes (DHA) were selected as they correlate well with aerobic respiration (Awong et al., 1985) , and as they are also good indicators of anaerobic metabolic activity (Chung and Neethling, 1989) . This enzyme is an indicator of cell wall activity and should represent the global metabolic activity of active biomass. The p-iodonitrotetrazolium violet (INT) was used as an indicator of DHA activity (Awong et al., 1985; Chung and Neethling, 1989) . Measurements were made in triplicate. A 1-mL volume of biomass was placed in centrifuge tubes with 4 mL of 0.2% (m/v) solution of INT and 4 mL of a carbonated substrate solution concentrated at 2% (m/v) to which NH 4 was added in a C/N ratio of 100:5 (mg COD/mg N). Tubes were incubated in the dark at 30°C for 10 minutes and agitated every 5 minutes. Reaction was stopped by adding 30 µL of H 2 SO 4 98% (Richards et al., 1984) . A blank was prepared by adding H 2 SO 4 to the INTbiomass/substrate mix before the incubation period (Le Bihan, 1999) . After the incubation period, tubes were centrifuged at 2,600 g during 10 minutes. The pellet was added to 5 mL of methanol and the formazan (F) formed was extracted during 30 minutes in the dark at room temperature. The methanol solution was centrifuged at 1,500 g for 5 minutes. Optical density was measured at 490 nm. The proportionality of the reaction to VSS concentration was verified as proposed by Chung and Neetling (1989) .
The substrate used for respirometric measurements and for enzymatic measurements is given in Table 1 .
Tests were performed four times with sludge from various municipal treatment plants. A test was performed with secondary sludge collected at the Ginestou (France) station, and three tests used secondary sludge from the Valcartier (Canada) station. Sludge samples collected were split to form duplicates or triplicates. The Ginestou station is of the plug-flow type, sludge age is 5 to 6 days old and non-nitrifying. The Valcartier station is of the conventional type and sludge is partially nitrifying.
Default values of the ASM1 model of 0.67 mg DCO/mg DCO for Y H and 0.08 for f P were used to determine b H .
Results and discussion
As shown in Table 2 and as determined by respirometry, the decay rate during the experiments varied between 0.28 and 0.76 d -1 , depending on the test performed. The mean value is 0.47 d -1 with a standard deviation of 0.21. The regression coefficient R of the resulting straight lines is always greater than 0.9 for a minimum number of 30 points. All measurements of decay rate obtained are statistically different, taking into account the number of measurements. The standard deviation is significant and shows the large variability of this parameter. For most experiments, the decay rate obtained with DHA is about 30% lower than the values obtained by respirometry.
However, as can be seen in Figure 1 , the maximum heterotrophic respiration shows a strong correlation with DHA activity. Moreover, total maximum respiration, i.e. the maximum heterotrophic (rO 2Hmax ) and autotrophic (rO 2Amax ) respiration shows about the same slope as rO 2Hmax . This means that depending on the protocol and biomass used, rO 2Amax has almost no influence on DHA measurement. The deviation between the b H measured with respirometric (rO 2Hmax ) and enzymatic (DHA) methods would thus be generated by a decrease in the relative activity of the aerobic respiratory chain, as proposed by the biochemical models describing metabolic adjustments related to the stringent response.
To verify this hypothesis, we verified the relative activity of the aerobic respiratory chain using the rO 2Hmax /DHA ratio. Results shown in Figure 2 demonstrate that this ratio varied with the duration of starvation. In most tests, after more than 12 days of starvation, the relative activity of the respiratory chain constitutes less than 55% of the initial relative activity. Curve variance analysis indicates that with a 95% confidence interval, the slope of these curves is non null.
However, the selected linear model does not explain the variability in results. It should be noticed that the logarithm of the respiration follows the same type of curve as the one obtained with the rO 2Hmax /DHA ratio, for all studied cases. Thus, the slope of the curve showing the evolution of the rO 2Hmax /DHA ratio shows a good correlation with the slope of the curve defining b H for all time intervals considered. Consequently, for comparison purposes with the linear model describing b H , the linear model was selected to describe the evolution of the rO 2Hmax /DHA ratio.
Based on the analysis carried out, the variation of the rO 2Hmax /DHA ratio would be caused by a stronger repression of the aerobic respiratory chain than the other ETS transporters during starvation. In summary, the specific respiration rate of the biomass (rO 2Hmax /X H ) would decrease more rapidly than the specific metabolic activity (DHA/X) during starvation. During starvation, a movement from the respiratory chain activity to B. Lavallée et al. Nyström (1994) on E. coli pertaining to the repression of the respiratory chain would thus apply to an entire facultative biomass, and hypotheses emitted by Van Loosdrecht and Henze (1999) on the decrease of biomass specific activity (internal decay) are partly verified. Repression of the respiratory chain activity therefore seems a measurable event which has quite an influence on the respirometric measurement of the decay rate. Moreover, the slopes of the curves in Figure 2 (m rO2/DHA = regression slope) give an indication of the respiratory chain repression intensity. Figure 3 relates b H to the initial biomass activity (at day 1 of the experiments) and to enzymatic regulation intensity m rO2/DHA . One can observe on Figure 3 that decay rate, initial biomass activity and respiratory chain repression all show similar trends. The active biomass decay rate and m rO2/DHA decrease in proportion to the initial biomass activity. The stronger the initial activity, the stronger the respiration repression and consequently the higher the decay rate measured by respirometry. Inversely, the weaker the initial activity, the weaker the regulation and the lower the decay rate. Grady and Roper (1974) obtained the same trend by relating b H with the initial biomass growth rate.
426
None of the b H obtained by respirometry or by enzymatic measurements is lower than 0.28 or 0.20 d -1 respectively. Brands et al. (1994) obtained values of that magnitude by using the decay rate of sludge DNA from pilots operating at low and high loadings. There is thus a strong portion of the active biomass decay rate measured by respirometry that can be related to enzymatic regulation (internal decay as proposed by Van Loosdrecht and Henze (1999) ). The other portion of the measured decay rate could be related to cell death and to predation (external decay as proposed by Van Loosdrecht and Henze (1999) ). The usual assessment of the decay rate would thus be tainted by an experimental error. The enzyme repression of the respiratory chain is in fact quicker than the decrease in metabolic activity and also occurs simultaneously with biomass cell death. We can add that the decay rate varies with substrate availability (Aizenman et al., 1996) . According to the biochemical model presented, it seems that prokaryotic organisms have a series of genes coding a toxin/antitoxin pair (TA) programmed to induce cell death (Yarmolinsky, 1995) . During growth, the antitoxin manufactured by the cell inhibits the toxin action. The stringent response inhibits the expression of these two proteins. As antitoxin has a shorter half-life than toxin, it thins out more quickly than the toxin. Thus, during starvation, the toxin can perform its toxic action and kill the cell. During their experiments, Aizenman et al. (1996) obtained a survival rate of only 15% after having artificially induced the stringent response. Therefore the death rate of active cells would depend on the availability or the presence of substrate. Consequently, the endogenous phase measurement method, generally used to assess the decay rate in heterotrophic active biomass, would only somewhat be representative of the decay rate in the plant or at the pilot scale, for in these cases, biomass feeds on the substrate. It thus becomes difficult to determine a rep- resentative value of the true decay rates of active biomass in the growing phase using respirometric methods.
Conclusion
The true decay rate of a heterotrophic active biomass would thus be lower than the default value recommended for the ASM1 model as, on the one hand, a large portion of its value would be related to enzymatic regulation and, on the other hand, it potentially varies with substrate availability as shown by the equation:
These observations have an impact on calculations performed using models such as the ASM1 that incorporate active biomass. As enzymatic regulation does not produce biodegradable particulate matter, an erroneous assessment of b H will therefore create a proportional error in inactive organic matter production calculations, and thus in the biomass production calculations. Consequently, to assess the true biomass decay rate, it would be necessary to evaluate the amount of active biomass present in a given system using a method which is almost not influenced by enzymatic regulation. This leads us to search for a new assessment method for the heterotrophic active biomass decay rate. The decay rate measurement based on DNA loss as proposed by Brands et al. (1994) would eventually not be very influenced by enzymatic regulation. Research should be undertaken to determine a new assessment method of the active biomass decay rate. Also, a new activated sludge model including enzymatic regulation would be able to get a more realistic picture of the active biomass, and increase capability to predict the sludge production.
